Centromeres consist of DNA repeats in many eukaryotes. Non-allelic homologous recombination (HR) between them can result in gross chromosomal rearrangements (GCRs). In fission yeast, Rad51 suppresses isochromosome formation that occurs between inverted repeats in the centromere. However, how the HR enzyme prevents homology-mediated GCRs remains unclear. Here, we provide evidence that Rad51 with the aid of the Swi/Snf-type motor protein Rad54 promotes non-crossover recombination between centromere repeats to prevent isochromosome formation. Mutations in Rad51 and Rad54 epistatically increased the rates of isochromosome formation and chromosome loss. In sharp contrast, these mutations decreased gene conversion between inverted repeats in the centromere. Remarkably, analysis of recombinant DNAs revealed that rad51 and rad54 increase the proportion of crossovers. In the absence of Rad51, deletion of the structure-specific endonuclease Mus81 decreased both crossovers and isochromosomes, while the cdc27/pol32-D1 mutation, which impairs break-induced replication, did not. We propose that Rad51 and Rad54 promote non-crossover recombination between centromere repeats on the same chromatid, thereby suppressing crossover between non-allelic repeats on sister chromatids that leads to chromosomal rearrangements. Furthermore, we found that Rad51 and Rad54 are required for gene silencing in centromeres, suggesting that HR also plays a role in the structure and function of centromeres.
INTRODUCTION
Repetitive DNA elements are prevalent in eukaryote genomes. In humans, repetitive elements including LINEs, SINEs, microsatellites, minisatellites, rDNA, telomere and centromere repeats account for half of the genome (1, 2) . Homologous recombination (HR) is considered to be a pathway that accurately repairs DNA damage such as DNA double-strand breaks (DSBs) because it uses intact DNA strands as templates. However, non-allelic HR between repetitive elements at different chromosomal loci gives rise to a risk of gross chromosome rearrangements (GCRs) such as deletions, duplications, inversions and translocations (3, 4) . An increasing body of evidence indicates that GCRs mediated by non-allelic HR lead to numerous types of genetic disease in humans (5, 6) .
Centromeres consist of specific DNA repeats in many eukaryotes (7) . Centromeres provide a platform for the assembly of kinetochores, to which spindle microtubules attach during mitosis and meiosis. Despite their important role in the accurate segregation of chromosomes, DNA sequences of centromeres are highly variable between species (8, 9) . Furthermore, spontaneous GCRs occur in centromeres. Deletion of centromere repeats was observed when dicentric chromosomes were changed to monocentric chromosomes (10, 11) . Exchange of entire short arms between acrocentric chromosomes, known as Robertsonian translocations, are the most common translocations observed in humans (1/1000 individuals) (12) . Such translocations between the same chromosomes produce isochromosomes, whose arms are mirror images of one another. Copy number variations of genes by isochromosomes can lead to genetic disorders such as Down syndrome (13, 14) . In the fission yeast S. pombe and in the pathogenic fungus C. albicans, isochromosomes are formed by recombination between inverted repeats in the centromere region (15) (16) (17) (18) .
There are several HR pathways, although the pathway choice mechanism is not fully understood (19) . During the initial step of HR, stretches of single-stranded DNA (ss-DNA) are produced at DSB ends or stalled replication forks. ssDNA invades homologous double-stranded DNA to form displacement loops (D-loops). D-loop migration accompanied by extensive leading strand synthesis occurs during break-induced replication (BIR), resulting in nonreciprocal transfer of large regions of chromosomes. A subunit of DNA polymerase ␦ (Pol␦): budding yeast Pol32, fission yeast Cdc27 and human POLD3 is required for BIR (17, (20) (21) (22) . Disruption of D-loops after DNA synthesis from the 3 end of invading strands leads to synthesisdependent strand annealing (SDSA), which generates noncrossover (NCO) but not crossover (CO) products. The second end capture by D-loops creates double Holliday junctions (HJs). Dissolution of double HJs by helicases and topoisomerases forms only NCO products, whereas resolution of joint molecules (JMs) including D-loops and HJs by structure-specific endonucleases generates either CO or NCO products depending on the manner in which JMs are cleaved. Among the endonucleases that cleave JMs, the Mus81-Eme1 complex mainly generates CO products (23) (24) (25) (26) . CO and BIR at non-allelic genomic loci give rise to chromosomal rearrangements.
Rad51 forms nucleoprotein filaments on ssDNA and catalyzes strand exchange to produce D-loops. Loading of Rad51 onto RPA-coated ssDNA is mediated by Rad52 in yeast and by BRCA2 in mammals (27) (28) (29) . Rad54 is a Swi/Snf-type motor protein (30, 31) that functions before and after D-loop formation. Rad54 binds and stabilizes Rad51 nucleoprotein filaments even in the absence of ATP (32, 33) , and facilitates Rad51-mediated D-loop formation in the presence of ATP (34) . After D-loop formation, the Rad54 motor protein dissociates Rad51 from heteroduplex DNA, allowing DNA Pol␦ to bind and extend D-loops; Rad54 also has the ability to disrupt Dloops, which may lead to SDSA (35) (36) (37) (38) . In vivo analyses of mating type switching in budding yeast have shown that Rad54 is dispensable for the recruitment of Rad51 to a donor locus (39) , suggesting that Rad54 plays an essential role only after D-loop formation. Interestingly, deletion of Rad51 in fission yeast increases the spontaneous formation of isochromosomes, which are produced by recombination between inverted repeats in the centromere region (16) . It appears paradoxical that Rad51 suppresses homology-mediated GCRs as it promotes HR. It remains unclear how Rad51 suppresses isochromosome formation in centromeres. The rad51 mutation also increases chromosome loss and sensitivity to a microtubule-destabilizing drug (16, 18, 40) , suggesting a role in centromere function.
Here, we found that deletions of Rad51 and Rad54 in fission yeast epistatically increase the formation of isochromosomes whose breakpoints are located in centromere repeats. Mutations in the Rad54 ATPase domain, rad54KA and rad54KR, did not impair the ability to bind Rad51 but accumulated spontaneous Rad54 foci and increased isochromosome formation, suggesting that Rad54 is important after D-loop formation for suppressing isochromosome formation. In contrast to their high GCR rates, rad51 and rad54 mutations decreased gene conversion between inverted repeats in the centromere. Physical analyses of the recombinants revealed that rad51 and rad54 mutations increase the ratio of COs to NCOs. Deletion of Mus81 endonuclease decreased both COs and GCRs in the rad51Δ mutant. In contrast, the cdc27-D1 mutation that impairs BIR (17) did not decrease GCRs. These data suggest that Rad51 and Rad54 promote NCO recombination between centromere repeats on the same chromatid, thereby preventing nonallelic crossing over between sister chromatids that results in isochromosome formation. We also found that rad51 and rad54 mutations increase chromosome loss and sensitivity to a microtubule-destabilizing drug as well as impair transcriptional gene silencing in centromeres. HR mediated by Rad51 and Rad54 may also play a role in the chromatin structure of centromeres.
MATERIALS AND METHODS

Genetic procedures
The fission yeast strains used in this study are listed in Supplementary Table S1 . Standard genetic procedures were used as described previously (16, 41) . Each amino acid was added to the medium at a final concentration of 225 g/ml, or as indicated. YNB media contained 1.7 g/l of yeast nitrogen base (Difco 233520, BD Biosciences), 5 g/l of ammonium sulfate, 2% glucose. 5-FOA media are YNB media supplemented with 1 mg/ml of 5-fluoroorotic acid (Wako) and 56 g/ml of uracil. rad54KA and rad54KR mutants were created by the pop-in/pop-out gene replacement procedure: pTN993 and pTN992 ura4 + plasmids containing rad54KA and rad54KR, respectively, were treated with HpaI and introduced into yeast cells, and Ura + transformants were selected on Edinburgh minimal medium (EMM) plates. The ura4 + pop-outs were selected on 5-FOA plates. Correct integration was confirmed by PCR and DNA sequencing.
Western blotting
Yeast extracts were prepared in the presence of trichloroacetic acid as described previously (42) , separated by 7.0% SDS-PAGE (59:1) and transferred onto Immobilon-P transfer membranes (Millipore). To detect GFP-tagged proteins, full-length Aequorea victoria GFP polyclonal antibody (Clontech) (1:2000) and peroxidase AffiniPure goat anti-rabbit IgG (heavy+light) (Jackson ImmunoResearch Laboratories) (1:10 000) were used as the primary and secondary antibodies, respectively. The blots were developed using SuperSignal West Femto substrate (ThermoScientific) and exposed to RX-U films (Fujifilm), after which they were stained with Coomassie Brilliant Blue.
Northern blotting
From log-phase cells in EMM+U, total RNAs were extracted by heating and freezing cells in the presence of phenol and SDS (43) . Six micrograms of RNAs were separated by 1.0% agarose gel electrophoresis in MOPS/formaldehyde buffer (44) , and transferred onto Nytran nylon membranes (Schleicher & Schuell). A 32 P-labeled DNA probe was prepared using a 1.8 kb HindIII fragment containing the full-length ura4 + gene, and used for Northern hybridization. Radioactive signals were detected using a BAS2500 phosphorimager (Fujifilm) and quantified with Image Gauge Software (Fujifilm).
Yeast two-hybrid assay
The yeast two-hybrid assay was carried out using Matchmaker Two-Hybrid System 3 (Clontech) as described previously (42) . Full-length Rad51 and Rad54 open-reading frames were cloned into expression vectors.
Fluorescence microscopy
Log-phase cells were treated with 1 g/ml of Hoechst 33342 (Dojindo) for 5 min at room temperature. Signals were detected using a fluorescence microscope (BX51, Olympus) with a 100x objective (UPLSAPO 100XO, Olympus). Images were obtained using a charge-coupled device camera (DP72, Olympus) and processed using Adobe Photoshop CS6 software.
GCRs and chromosome loss
The rates of spontaneous GCRs and chromosome loss were determined essentially as described previously (16), with some modifications. A single colony formed on YE+LUA plates (YE media supplemented with leucine, uracil and adenine) was suspended in distilled water, and cells were plated onto YE plates to visualize Ade -red colonies. At 4-6 days after plating, the number of total colonies and that of red colonies were counted. Red colonies were transferred onto EMM+UA to inspect leucine prototrophs. 
Pulse field gel electrophoresis (PFGE) of chromosome DNA
Chromosomal DNA was prepared in agarose plugs. GCR products were analyzed by PFGE, Southern hybridization and PCR, essentially as previously described (16) . PFGE was carried out using CHEF-DRII (Bio-Rad) under the following conditions. Broad-range PFGE: switching time 1800-1000 s, 2 V/cm for 45 h and then 70 s for 3 h at 10
• C in 1x TAE buffer using 0.55% Certified Megabase agarose gel (Bio-Rad). Short-range PFGE: 40-70 s, 4.5 V/cm for 24 h at 10
• C in 0.5x TBE buffer using 0.6% Certified Megabase agarose gel. DNA probes used for Southern hybridization were prepared using a Random primer DNA labeling kit ver.2 (Takara) and [␣-
32 P]dCTP (PerkinElmer Life Sciences). Radioactive signals were detected using a BAS2500 phosphorimager (Fujifilm).
Recombination between ade6B and ade6X heteroalleles located in cen1
The ade6B and ade6X mutations were constructed by digestion and fill-in of the BamHI and XhoI sites, respectively. ade6B and ade6X heteroalleles were introduced into cen1 by a series of transformations (Supplementary Figure  S11) . After introduction of a 1.5-kb SspI fragment containing ura4 + at the HpaI site of imr1L, a 1.9-kb DraI fragment containing ade6B was introduced into the same site to replace ura4
+ . Another round of transformation was carried out for imr1R, using ade6X instead of ade6B. ura4 + and ade6B/X transformants were selected on EMM and 5-FOA plates, respectively. Replacement of ura4 + by ade6B/X mutant genes was carried out in the clr4Δ strain background to exclude false-positive clones that may have grown on 5-FOA plates because of gene silencing.
Yeast strains containing ade6B/X heteroalleles were grown on YE+A plates for 3-5 days. Ten milliliters of EMM+A was inoculated with a single colony formed on YE+A plate. After 1-3 days of incubation, cells were plated onto EMM+A and EMM+G (EMM supplemented with 50 g/ml of guanine to prevent adenine uptake). After 3-5 days of incubation, colonies were counted to determine the number of colony-forming units and Ade + recombinants. Rates of Ade + formation were determined by a fluctuation test as described above.
To prepare yeast DNA, ≥4.0×10 8 cells were collected, washed with 5 ml of TE10:25 (10 mM Tris-HCl (pH 8.0), 25 mM EDTA) and resuspended in 1 ml of SP1 (20 mM sodium citrate, 20 mM di-sodium hydrogen phosphate, 40 mM EDTA (pH 5.6)). After addition of 10 l of ␤-mercaptoethanol, the cell suspension was incubated at 30
• C for 20 min. After centrifugation, the cells were resuspended with 0.5 ml of SP1 containing 350 g/ml lyticase (Sigma) and incubated at 37
• C for 30-60 min. Spheroplasts were collected by centrifugation and suspended with 300 l of TE 50:20 (50 mM Tris-HCl (pH 8.0), 20 mM EDTA). After addition of 100 l of 10% SDS, tubes were incubated at 65
• C for 20 min. A total of 300 l of 5 M KAc was added and the tubes were kept on ice for 10 min, followed by centrifugation at 17900 × g for 10 min. The supernatant was recovered, and DNA was precipitated by addition of 750 l isopropanol. After treatment with AfeI or XhoI, DNA fragments were separated by PFGE using CHEF-DRII (Bio-Rad). The agarose gel was irradiated with 300 J UV light, treated with 1.2 M NaCl and 0.4 M NaOH buffer for 40 min, and DNA was transferred to a Nytran ny-lon membrane followed by Southern hybridization. A cnt1 probe was prepared using the 2.8-kb EcoRI-HindIII fragment from pKT110 (46) .
Statistical analysis
The Fisher's exact test and Mann-Whitney test were performed using GraphPad Prism version 6.0g for Mac (GraphPad Software, La Jolla, CA, USA).
RESULTS
Rad51 and Rad54 suppress gross chromosomal rearrangements
Taking advantage of an extra minichromosome ChL derived from chromosome 3 (chr3), GCRs can be detected by monitoring three genetic markers ( Figure 1A ). Previously, we plated yeast cells onto minimum medium containing 5-fluoroorotic acid (5-FOA) to isolate Ura -clones as the first step in identifying GCR clones of Leu + Ura -Ade - (16) . Here, we used YE media and isolated Ade -red colonies as the first step to identify GCR clones (see Materials and Methods). Fluctuation analysis showed that a rad51 deletion (rad51Δ) increases the rate of spontaneous GCRs (Figure 1B) , confirming the importance of Rad51 in GCR suppression.
To test whether another HR enzyme, Rad54, is also required to suppress GCRs, we deleted the rad54 gene and found that rad54Δ increases the GCR rate similarly to rad51Δ ( Figure 1B) . A rad51Δ rad54Δ double mutant exhibited a GCR rate similar to each single mutant, showing that Rad51 and Rad54 function in the same pathway to suppress GCRs. Substitution of a conserved lysine residue in the ATPase domain of Rad54 to alanine (rad54K300A) or arginine (rad54K300R) also increased the GCR rate, suggesting that the ATP-dependent function of Rad54 is involved in GCR suppression. rad54KR caused a mild defect compared to rad54KA. This may be because Rad54KR but not Rad54KA has residual ATPase activity (47) . These results suggest that Rad51 suppresses GCRs through homologous recombination with the aid of the Rad54 motor protein.
Rad51 and Rad54 are required for the structure and function of centromeres
As observed previously (16) , rad51Δ increased the rate of ChL chromosome loss ( Figure 1C ). We found that rad54Δ increases the loss rate to a greater extent than rad51Δ (Figure 1C ). Rad54-specific functions such as chromatin remodeling (48) (49) (50) , rather than the ineffective attempts of recombination by Rad51 in rad54Δ cells (51), may account for the high rate of chromosome loss, as rad51Δ rad54Δ increased the loss rate to the same level as rad54Δ. Histone H3K9 methyltransferase Clr4 is required for the heterochromatin structure in centromeres (52, 53) , and clr4Δ cells are hypersensitive to a microtubule-destabilizing drug, thiabendazole (TBZ) (54) . Consistent with chromosome loss, a serial dilution assay showed that rad54Δ as well as rad51Δ cells are hypersensitive to TBZ, although they are less sensitive than clr4Δ cells ( Figure 1D ), suggesting that Rad51 and Rad54 play a role in centromere function.
Higher-order chromatin structures in centromeres repress transcription and are required for the faithful segregation of chromosomes (7, 55) . To determine whether Rad51 and Rad54 affect chromatin structure in centromeres, we examined transcriptional gene silencing of ura4 + integrated into centromere 1 (cen1). Before evaluating gene silencing, we confirmed that rad51Δ and rad54Δ cells form colonies on 5-FOA plates only when ura4 + was absent ( Figure 1E , ura4 + and ura4Δ). Even when ura4 + was present in the inner repeat (imr1), wild-type cells formed colonies on 5-FOA because of gene silencing ( Figure 1F , imr1:ura4 + ). As expected, the clr4Δ mutation that destroys the heterochromatin structure impaired colony formation on 5-FOA and accelerated that on YNB plates. rad51Δ and rad54Δ mutations impaired colony formation on 5-FOA, although no effects were observed on YNB plates. Because the cells that are defective in the silencing and express ura4 + are sensitive to 5-FOA, this result suggests that Rad51 and Rad54 are required for maintaining the silencing status of ura4 + in imr1. When ura4 + was present in the outer repeat (otr1), rad51Δ had no obvious effects, while rad54Δ resulted in a slight defect in gene silencing ( Figure 1F , otr1:ura4 + ). To detect ura4 + transcripts, we prepared total RNAs from yeast cells and carried out Northern blotting ( Figure 1G ). In addition to ura4 + RNAs, ura4-DS/E mini RNAs transcribed from the arm region were detected as a control. rad51Δ and rad54Δ slightly increased the level of ura4 + RNAs compared to wild-type strains. Similar results were obtained in both imr1:ura4 + and otr1:ura4 + strains. Although rad54Δ exhibited slightly more severe phenotypes than rad51Δ, these data show that Rad51 and Rad54 are involved in transcriptional gene silencing in centromeres. Collectively, our data suggest that Rad51 and Rad54 are required for the structure and function of centromeres.
Rad51 and Rad54 suppress isochromosome formation in the centromere
To characterize GCR products, chromosomal DNA was prepared from parental and independent GCR clones, separated by PFGE and stained with ethidium bromide (EtBr) (Figure 2A ). In wild-type cells, approximately half of the GCR products were larger than the parental ChL ( Figure  2A , Broad-range PFGE, clone 1, 2, 6, 7, 11, 12, 14 and 15) and were detected using probes specific to chr3 or chr2 by Southern hybridization ( Figure 2B , probe L, R2 and chr2 left), indicating that they are translocations. Although all GCR products were detected using the LEU2 probe, GCR products smaller than the parental ChL do not retain the right side of cen3 ( Figure 2B , probe R1) and their sizes matched those of isochromosomes (300-400 kb) ( Figure  2A , Short-range PFGE). Two different sizes of restriction fragments were detected using the LEU2 probe ( Figure 2C , clone 3, 4, 5, 8, 9, 10, 13 and 16), demonstrating that they are isochromosomes. PCR analysis of the GCR products recovered from agarose gel revealed that irc3R was lost while cnt3-imr3 junctions were retained ( Figure 2D ), indicating that breakpoints of isochromosomes are present in centromere repeats. In contrast to wild type, most GCR prod- (16) . GCRs associated with the loss of ura4 + and ade6 + result in Leu + Ura -Ade -, whereas complete loss of ChL results in Leu -Ura -Ade -. Spontaneous rates of (B) GCRs and (C) chromosome loss were determined in wildtype, rad51Δ, rad54Δ, rad51Δ rad54Δ, rad54KA and rad54KR strains (TNF3896, 4034, 4048, 4942, 4599 and 4563, respectively). Independent experimental values are shown in scatter plots. Lines indicate medians. Rates relative to wild-type value are indicated at the top of each column. P-values were determined by the two-tailed Mann-Whitney test. ***P < 0.001; ****P < 0.0001. (D) Exponentially growing cells of wild-type, clr4Δ, rad51Δ and rad54 strains (TNF2399, 2803, 2621 and 3284, respectively) in EMM+U were 5-fold serially diluted with distilled water and spotted onto YE+U supplemented with thiabendazole (TBZ) at the indicated concentrations. (E) Wild-type, rad51Δ and rad54Δ cells of ura4 + (TNF35, 2610 and 3719, respectively), and those of ura4Δ (TNF2347, 2404 and 5015, respectively) were grown in EMM+U and spotted onto the indicated plates. (F) Illustrated are the integration sites of ura4 + in imr1 and otr1 (96) . Wild-type, clr4Δ, rad51Δ and rad54Δ cells that contain imr1:ura4 + (TNF2399, 2803, 2621 and 3284, respectively), and those containing otr1:ura4 + (TNF2648, 2900, 2848 and 3273, respectively) grown in EMM+U were spotted onto the indicated plates. Cells were grown at 30 • C. (G) Northern blot analysis of ura4 + and ura4DS/E RNAs in wild-type, clr4Δ, rad51Δ and rad54Δ cells. % of ura4 + RNAs compared to ura4-DS/E RNAs is shown below each panel. Chromosomal DNA was digested with BmgBI, loaded onto a 0.6% agarose gel, separated by PFGE (switching time 1 to 6 s, 6 V/cm for 22 h) in 0.5x TBE buffer, and subjected to Southern hybridization using LEU2 probe. B, BmgBI. (D) PCR analysis of GCR products. ChLs recovered from agarose gel were used as templates for PCR. irc3L and irc3R regions were amplified, treated with ApoI and separated by standard agarose gel electrophoresis (upper panels). cnt3-imr3 junctions were also amplified (lower panels). Primer sequences are shown in Supplementary Table S2 . A, ApoI. (E) Pie charts show the distribution of translocations, isochromosomes and truncates in each strain. The proportion of isochromosomes is indicated. Numbers of isochromosomes and others were compared between wild-type and mutant strains with the two-tailed Fisher's exact test. *P < 0.05; **P < 0.01.
ucts formed in rad51Δ, rad54Δ, rad54KA and rad54KR mutants were isochromosomes ( Figure 2A and Supplementary  Figures S1 and S2 ), whose breakpoints are present in centromere repeats (Supplementary Figure S3) . A small number of truncates of ∼200 kb and translocations of ∼2 Mb were also observed in the mutant strains. Figure 2E summarizes the distributions of the three types of GCRs detected: translocations, isochromosomes and truncates. There were no significant differences between the GCR types of rad51 and rad54 mutants. Together with the GCR rate ( Figure  1B ), these data demonstrate that Rad51 and Rad54 suppress the formation of isochromosomes whose breakpoints are present in centromere repeats.
ATPase activity of Rad54 is essential at a late step of recombination
To understand the role of Rad54 ATPase activity in fission yeast, we further examined the rad54KA and rad54KR mutants. Detection of Rad54-GFP proteins by Western blotting using anti-GFP antibodies showed that neither rad54KA nor rad54KR changes the protein expression level ( Figure 3A ). Neither mutation affected the Rad51-Rad54 interaction detected in the yeast two-hybrid assay ( Figure  3B ). However, microscopic analyses revealed that rad54KA and rad54KR increase the proportion of cells exhibiting spontaneous Rad54-GFP foci ( Figure 3C ). Rad52 facilitates Rad51 loading onto ssDNA and remains at recombination foci even after strand invasion (27, 28, 56) . Deletion of rad52 or rad51 eliminated Rad54KA and Rad54KR foci, despite the similar levels of Rad54-GFP expression (Figure 3C and Supplementary Figure S4) , showing that focus formation is dependent on Rad52 and Rad51. rad54KA and rad54KR also increased the proportion of cells containing Rad52-GFP foci (Supplementary Figure S5A and B), and >70% of Rad54-GFP and Rad52-mCherry foci colocalized when they were co-expressed (Supplementary Figure S5C) , suggesting that the Rad54 mutant proteins localize to spontaneous HR sites. rad54KA and rad54KR cells were hypersensitive to the following DNA damaging agents: methyl methanesulfonate, camptothecin and ultraviolet (UV) irradiation, and to replication stress caused by hydroxyurea (HU) treatment ( Figure 3D ). These data are consistent with a previous study of mouse ES cells expressing Rad54 ATPase mutant proteins (33) , and suggest that the ATP-dependent activity of Rad54 at a late step of recombination is important for suppressing isochromosome formation.
Rad51 and Rad54 promote gene conversion between DNA repeats in the centromere
Isochromosome breakpoints were present in centromere repeats ( Figure 2D and Supplementary Figure S3 ), suggesting that recombination between centromere repeats produces isochromosomes. However, mutations in Rad51 and Rad54 recombinases greatly increased the formation of such isochromosomes. It is possible that Rad51 and Rad54 promote gene conversion between centromere repeats, a conservative mechanism of recombination, thus preventing chromosomal rearrangements. To detect gene conversion in the centromere region, we introduced the ade6B and ade6X mutant genes into the HpaI site in imr1L and imr1R repeats of cen1, respectively ( Figure 4A ). We chose imr1 because most of the breakpoints in rad51Δ cells were located in imr (16) , and ade6 + was not transcriptionally repressed in the kinetochore region of centromeres (Supplementary Figure  S6A) . Gene conversion between the ade6B/X heteroalleles within the same chromatid or on sister chromatids can produce Ade + prototrophs, but isochromosomes of chr1 are not detected because it is lethal in haploid cells. Remarkably, fluctuation analysis revealed that rad51 and rad54 mutations severely decrease the rate of spontaneous Ade + formation ( Figure 4B) , showing that Rad51 and Rad54 are required for gene conversion between inverted repeats in the centromere. It should be noticed that rad54KR only partially decreased the gene conversion rate as compared to rad54KA, likely because of residual ATPase activity of Rad54KR (47) . The strong inverse correlation between gene conversion ( Figure 4 ) and GCR rates ( Figure 1B) suggests that Rad51 and Rad54 promote gene conversion between centromere repeats to prevent isochromosome formation.
Rad51 and Rad54 promote non-crossover recombination between centromere repeats
Crossing over between centromere inverted repeats on the same chromatid results in inversion of the central region, cnt1 ( Figure 5A ), whereas crossing over between sister chromatids may generate isochromosomes. To determine whether Rad51 and Rad54 are required for crossing over, chromosomal DNA was prepared from independent Ade + recombinants, digested with AfeI and separated by PFGE; the fragments containing cnt1 were detected by Southern hybridization ( Figure 5B ). In wild-type samples, only 1 of 75 Ade + recombinants was CO (∼1%). rad51Δ and rad54Δ strikingly increased the proportion of COs to 24% and 35%, respectively ( Figure 5C and Supplementary Figure  S7 ), indicating that Rad51 and Rad54 preferentially promote NCO recombination between centromere repeats. The increased incidence of CO by rad54KA and rad54KR (Figure 5C) shows the importance of the ATP-dependent function of Rad54 in NCO recombination.
Mus81 but not Cdc27/Pol32 is required for isochromosome formation in rad51Δ cells
Specific resolution of JMs such as D-loops and Holliday junctions results in COs. The Mus81-Eme1 complex is a structure-specific endonuclease that generates COs (23) (24) (25) (26) . To see whether Mus81-Eme1 is required for crossing over between inverted repeats in the centromere, we disrupted Mus81, the catalytic subunit of Mus81-Eme1, measured the recombination rate ( Figure 6A) , and determined the proportion of COs ( Figure 6B and Supplementary Figure S8 ) among the recombinants. In the wild-type background, it was difficult to detect the effect of mus81Δ on the proportion of COs ( Figure 6B ). In the rad51Δ background, however, mus81Δ did not change the recombination rate (Figure 6A) , but decreased the proportion of COs from 24% to 7% ( Figure 6B ), demonstrating that Mus81 is required for crossing over between centromere repeats in the rad51Δ mutant. Because rad51 and rad54 mutations increase both isochromosome formation and the CO ratio, isochromosomes formed in these mutants might be produced by crossing over between centromere inverted repeats on sister chromatids. To test this possibility, we examined the effect of mus81Δ on GCRs. In the wild-type background, mus81Δ increased the GCR rate ( Figure 6C ), as expected from previous studies (3, 57) . In the rad51Δ background, however, mus81Δ reduced the GCR rate by ∼10-fold, indicating that Mus81 is required for GCRs that occur in the absence of Rad51. A mus81Δ rad51Δ double mutant exhibited an increased rate of chromosome loss compared to individual single mutants ( Figure 6D) , showing that Rad51 and Mus81 have non-overlapping functions to maintain chromosomes.
When GCRs are induced by DSB formation outside the centromere, isochromosomes are produced by BIR, as the cdc27-D1 mutation that eliminates a C-terminal half containing PCNA-binding motif decreased isochromosome formation (17, 58) . In our system, however, cdc27-D1 increased the GCR rate by 6-fold in the rad51 + background and did not change the rate in the rad51Δ background ( Figure 6C ). PFGE analysis showed that most GCR products formed in cdc27-D1 and cdc27-D1 rad51Δ mutants are isochromosomes (Supplementary Figure S9) . Thus, BIR does not appear to be the major pathway of spontaneous isochromosome formation. It should be noted that cdc27-D1 and rad51Δ increased the proportion of COs in an epistatic manner ( Figure 6B ), suggesting that Cdc27 (or Pol␦) and Rad51 act in the same pathway to facilitate NCO recombination (see Discussion).
DISCUSSION
Here, we found that not only Rad51 but also Rad54 suppresses GCRs in fission yeast. Detailed analyses of the GCR products revealed that rad51Δ, rad54Δ, rad54KA and rad54KR mutations increase the formation of isochromosomes with breakpoints located in centromere repeats. rad54KA and rad54KR mutants accumulated Rad54 foci, which are dependent on Rad51 and Rad52, suggesting defects in a late step of HR. In sharp contrast to GCRs, rad51 and rad54 decreased gene conversion between ade6B/X heteroalleles introduced into cen1. Strikingly, rad51 and rad54 increased the ratio of COs among the gene conversion products. Deletion of the Mus81 endonuclease in a rad51Δ background decreased both COs and GCRs, while the cdc27-D1 mutation of Cdc27/Pol32 did not. These data suggest that Rad51 and Rad54 promote NCO recombination between centromere repeats, thereby preventing crossing over of inverted repeats on sister chromatids resulting in isochromosome formation. We also found that rad51Δ and rad54Δ increase chromosome loss and TBZ sensitivity, as well as partially impair gene silencing in centromeres, suggesting that HR mediated by Rad51 and Rad54 is also required for maintaining the integrity of centromere chromatin. It appears paradoxical that Rad51 suppresses spontaneous GCRs produced by recombination between centromere repeats (16) . We found that rad51Δ and rad54Δ similarly increase the rate of isochromosome formation and that their effects are epistatic. Mutations in the ATPase domain of Rad54: rad54KA and rad54KR also increased isochromosome formation. Although rad54KA and rad54KR accumulated Rad54 foci, introduction of wildtype rad54 + into the mutant strains decreased Rad54 foci to the wild-type level and completely suppressed their defects in GCRs, chromosome loss and gene conversion (Supplementary Figure S10 ), demonstrating that rad54KA and rad54KR are recessive loss-of-function alleles. These data suggest that HR catalyzed by Rad51 and Rad54 is important for suppressing centromere GCRs.
How do Rad51 and Rad54 suppress isochromosome formation in the centromere? Fission yeast centromeres consist of a series of inverted repeats (imr, dg, dh and irc) surrounding the central region (cnt). We found that Rad51 and Rad54 are specifically required for gene conversion between inverted repeats in the centromere. rad51Δ and rad54Δ decreased the rate of gene conversion, but increased that of isochromosome formation. While rad54KA and rad54KR caused hypersensitivity to DNA damage to the same extent, rad54KR only partially affected gene conversion and GCR rates as compared to rad54KA, further supporting a tight correlation between gene conversion and isochromosome formation. Gene conversion and isochromosome formation are likely two alternative outcomes initiating from the same event such as pausing of the replication fork (59) (60) (61) . Our data suggest that Rad51 and Rad54 suppress isochromosome formation by promoting gene conversion between centromere repeats. To better explain our findings, we propose models of centromere repeat recombination (Figure 7) . One-end DSBs formed by replication fork collapse may initiate spontaneous recombination in centromeres ( Figure 7A ). After processing of DNA ends to have single-stranded tails, Rad51 with the aid of Rad54 forms D-loop structures between homologous centromere repeats (34, 36) . Following D-loop formation, the Rad54 motor protein releases Rad51 from heteroduplex DNA, allowing Cdc27 (or Pol␦) to bind and extend the 3 end of invading strands. After DNA synthesis, Rad54 dissociates D-loop structures to promote SDSA, which results in NCOs ( Figure 7A ). Crossing over between inverted repeats on the same chromatid results in 'inversion' of the central region ( Figure  7B , intra-chromatid). Such COs were very rare and repreNucleic Acids Research, 2016, Vol. 44, No. 22 10753 A B C D Figure 6 . Mus81 is required for COs and GCRs in the rad51Δ mutant. (A) Rates of spontaneous gene conversion in the centromere and (B) proportion of COs among Ade + recombinants were determined using wild-type, mus81Δ, cdc27-D1, rad51Δ, mus81Δ rad51Δ and cdc27-D1 rad51Δ strains (TNF3144, 6035, 6312, 3257, 6234 and 6335, respectively). Spontaneous rates of (C) GCRs and (D) chromosome loss were determined using wild-type, mus81Δ, cdc27-D1, rad51Δ, mus81Δ rad51Δ, and cdc27-D1 rad51Δ strains (TNF5369, 5669, 5402, 5411, 5974 and 5671, respectively) that contain ChLC minichromosome. Only the position of the ura4 + marker differs between ChLC and ChL: 10 and 170 kb from irc3R, respectively. Because the rate of chromosome loss was too high to obtain sufficient GCR clones to determine GCR rates in the mus81Δ rad51Δ mutant, GCR rates were determined using cells grown in EMM+UA media to pre-select the cells that retained the minichromosome (see Materials and Methods). Pre-selection can, at least in part, explain why the GCR rate of rad51Δ was relatively higher (161-fold increase) than that shown in Figure 1B (85-fold increase), where cells were grown in YE+LUA rather than EMM+UA. In Figure 1B , the GCR rate of the mutants that lost minichromosomes at a high rate such as rad51Δ may be slightly underestimated, as the cells that did not retain the minichromosome were included in the total count. ns, P > 0.05.
sented ∼1% of total Ade + recombinants in the wild-type strain ( Figure 5 ). However, rad51Δ and rad54Δ strikingly increased the proportion of COs to 20-30%, indicating that Rad51 and Rad54 preferentially promote NCO recombination ( Figure 7A ). The preference for NCOs appears to stem from the nature of HR mediated by Rad51 and Rad54, as an increase in the CO ratio has also been observed for rad51, rad54 and rad52 mutations in the arm regions of budding yeast (62) (63) (64) (65) . However, further comparison between the centromere and arm regions is required. In vitro analyses have shown that, in an ATPdependent manner, Rad54 releases Rad51 from heteroduplex DNA in D-loop structures to facilitate DNA synthesis by Pol␦ (37, 38) and Rad54 dissociate D-loop structures (33, 35, 36, 66) . These Rad54 functions on D-loop structures may be important for NCO recombination in centromeres, as we found that mutations in the ATPase domain of Rad54:
rad54KA and rad54KR increase COs in the centromere (Figure 5 ). Cdc27/Pol32/POLD3 facilitates the DNA synthesis activity of Pol␦ (67) (68) (69) . It is likely that Pol␦ with the aid of Cdc27 extends the 3 ends of invading strands in D-loop structures to facilitate the SDSA reaction, as the cdc27-D1 mutation increased the CO ratio in an epistatic manner with rad51Δ ( Figure 6 ). It was also observed in budding yeast that both rad51 and pol32 mutations increase halfcrossovers in the repair of one-end DSBs (70, 71) . cdc27-D1 did not alter the total rate of recombination but changed the balance between NCOs and COs ( Figure 6A and B) , indicating that recombination intermediates in cdc27-D1 cells are channeled from the NCO pathway to the CO pathway ( Figure 7A is produced between a single-stranded tail of a DSB and its homologous repeat sequence. In the presence of Rad51 and Rad54, synthesis-dependent strand annealing (SDSA) that results in noncrossover products may occur as follows. After the formation of D-loops, Rad54 releases Rad51 from heteroduplex DNA and recruits Cdc27 (Pol␦) to catalyze DNA synthesis from the 3 end of invading strands. After DNA synthesis, Rad54 dissociates D-loop structures, providing displaced strands that will be annealed to a single-stranded tail of a DSB formed by a converging fork. In the absence of Rad51 or Rad54, recombination intermediates between centromere repeats may be formed by single-strand annealing (SSA), microhomology-mediated end joining (MMEJ) or some other mechanisms. The intermediates are cleaved by Mus81-Eme1 endonuclease (shown as scissors), resulting crossover or half-crossover products. (B) Non-allelic HR between inverted repeats in the centromere can occur either on the same chromatid or between sister chromatids. Crossing over between inverted repeats on the same chromatid results in 'inversion' of the intervening region (top panel), whereas that between sister chromatids results in isochromosome formation (bottom panel). We propose that via the SDSA mechanism shown in (A), Rad51 and Rad54 promote non-crossover recombination between centromere repeats on the same chromatid, thereby preventing crossover recombination between sister chromatids that results in isochromosome formation.
such as single-strand annealing (SSA) and microhomologymediated end joining (MMEJ) (for review, see (72, 73) ) ( Figure 7A ). A set of proteins including Rad59, Rdh54 and Rad50 have been implicated in the Rad51-independent pathway of DSB repair in budding yeast (74) . Not only Rad51 but also TLS/FUS, HLTF/Rad5, Rad52 and Rad51 paralogs: Rad51C-XRCC3 and Rad51D-XRCC2 complexes have the ability to form D-loop structures by themselves (75) (76) (77) (78) (79) (80) . Remarkably, we found that, in the absence of Rad51, Mus81 is required for CO recombination (Figure 6B and C) , indicating that JMs formed independently of Rad51 are likely D-loop structures or nicked Holliday junctions that are good substrates for Mus81-Eme1 resolvase in vitro (23, 24, 81, 82) . It appears that Rad51-Rad54 and Mus81-Eme1 function in distinct pathways: NCO and CO recombination, respectively ( Figure 7A ). Consistent with this, rad51Δ and mus81Δ synergistically increased chromosome loss ( Figure 6D) . A synergistic increase in DNA damage sensitivity was also observed in the mus81Δ rad51Δ and the mus81Δ rad54Δ double mutants (80, 83, 84) .
In theory, in contrast to intra-chromatid recombination, crossing over between inverted repeats on sister chromatids results in isochromosome formation ( Figure 7B , inter-sister chromatids). We propose that Rad51 and Rad54 promote intra-chromatid NCO recombination between centromere repeats and, in the absence of Rad51 or Rad54, intermediates are channeled to CO recombination between nonallelic repeats on sister chromatids that results in isochromosome formation. As predicted from our model, deletion of Mus81 endonuclease decreased both COs (i.e. inversions) and isochromosomes in the rad51Δ mutant, and the mus81Δ rad51Δ double mutant exhibited higher rates of chromosome loss than the single mutants ( Figure 6 ). These data establish that Mus81-dependent crossing over is responsible for isochromosome formation in the rad51Δ background. A high incidence of GCRs and chromosome loss observed in the mus81Δ single mutant may be related to its role in replication fork progression and in faithful chromosome segregation (85, 86) . In contrast to isochromosomes induced by HO-endonuclease mediated DSBs outside centromeres (17), BIR does not appear to be the major pathway of spontaneous isochromosome formation. The cdc27-D1 mutation that impairs BIR (17) did not decrease spontaneous isochromosomes either in the presence or absence of Rad51 ( Figure 6C ). Recently, it was shown that Mus81 and converging forks reduce the likelihood of BIR occurring in S phase (87) . The difference may be related to the different stages of the cell cycle: HO-induced and spontaneous GCRs occur in the G2 and S phases, respectively. Future studies should address whether residual levels of COs and GCRs observed in mus81Δ rad51Δ cells depend on BIR or on endonucleolytic cleavage by other nucleases such as Rad1-Rad10 complexes (88, 89) . Our study clearly shows that, rather than BIR, crossing over is the major pathway producing spontaneous isochromosomes in the absence of Rad51 (Figure 7 ). It appears that the high incidence of isochromosome formation in rad51 and rad54 mutants results from a combination of crossing over and Nucleic Acids Research, 2016, Vol. 44, No. 22 10755 inter-sister recombination. rad51 and rad54 mutations increased the GCR rate to much higher levels than cdc27-D1, while cdc27-D1 increased the CO ratio to the same level as rad51 and rad54 (Figures 1, 5 and 6 ), indicating that the increase in COs only partly explains the high GCR rates of rad51 and rad54 mutants. Remarkably, rad51 and rad54 but not cdc27-D1 greatly decreased gene conversion between inverted repeats in the centromere (Figures 4 and 6) . Although it is unclear whether gene conversion occurs on the same chromatid or between sister chromatids in our current system, only recombination between sister chromatids can produce isochromosomes through crossing over. We propose that Rad51 and Rad54 promote intra-chromatid rather than inter-sister recombination between centromere repeats ( Figure 7B ).
It has been proposed that recombination intermediates formed between centromere repeats on the same chromatid affect the geometry of centromeres, which is important for centromere function (40) . Not only rad51 but also rad54 mutations increased chromosome loss and sensitivity to a microtubule-destabilizing drug, TBZ ( Figure 1C and D) . Furthermore, rad51 and rad54 partially impaired transcriptional gene silencing in centromeres ( Figure 1F and G). The silencing defect was more prominent in inner repeats (imr) compared to outer repeats (otr). Breakpoints of isochromosomes also accumulated in the imr region in the rad51Δ mutant (16) . These observations are consistent with the idea that stem-loop structures are produced in the central region of the centromere where recombination intermediates provide covalent linkage of the stem (40) (Figure 7B) . It has been reported that, in Candida albicans, Rad51 and Rad52 are required for the stable localization of centromere-specific histone H3 variant CENP-A at centromeres (90) . Together, these data suggest that HR mediated by Rad51 and Rad54 plays a role in the structure and function of centromeres. Unexpectedly, we found that Rad54 has Rad51-independent function, as rad54Δ caused more severe defects than rad51Δ in chromosome loss, TBZ sensitivity and gene silencing in centromeres (Figure 1) . Interestingly, a Rad54 paralog in budding yeast, Rdh54, localizes to kinetochores even in the absence of DNA damage. Rad54 can also localize to kinetochores in the absence of Rdh54 (50) . Chromatin remodeling activity may be important for the Rad51-independent function of Rad54, as rad54KA exhibited a higher rate of chromosome loss than rad54KR and rad51Δ ( Figure 1C) .
Repetitive elements are prevalent in higher eukaryote genomes and used as templates for non-allelic HR (87, 91) . The breast cancer susceptibility gene BRCA2 involved in Rad51 loading onto ssDNA is required for gene conversion and suppresses homology-mediated GCRs (92, 93) . RAD54 knockdown in human cells causes isochromosome formation (94) . In budding yeast, rad51Δ induces the fusion of nearby inverted repeats, resulting in dicentric and acentric chromosomes (95) . Thus, the function of Rad51 and Rad54 to promote NCO recombination appears to be conserved throughout evolution and is important for safeguarding the integrity of both centromere and non-centromere regions. Our finding that Mus81 is required for chromosomal rearrangements in the mutant strain of Rad51 makes it a potential target of chemical therapy for the treatment of HRdeficient tumors.
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